Fe-4.5wt%Si strips were produced using a vertical type twin-roll strip casting process. The effect of superheat on the microstructure and texture was studied through thickness direction of the as-cast strips. The heterogeneity of texture and microstructure through thickness direction of the strips was observed. In the case of superheat 20°C, Goss texture evolved between the subsurface and the middle layer and major rolling texture with minor solidification texture evolved in the center layer. In the case of superheat 30°C, solidification texture of {100}͗uvw͘ fiber evolved from the surface to the center layer.
Introduction
The sheets or laminations used as transformer cores are usually made from 3 % Si steel sheet. It would be advantageous to use high silicon content, but such alloys are brittle and difficult to be cold rolled.
1) The grain oriented silicon steel has been of considerable fundamental and technological interest to improve the sharpness of Goss orientation {110}͗001͘ for the improvement of the magnetic properties of the alloys.
2) Although the manufacturing process has been well established, the process is still complicated. Recently, to reduce the processing steps, strip casting or melt spinning has been proposed. 3, 4) The progress in stripcasting technology provides a possibility to manufacture silicon steel sheet by the simpler process than the conventional process, because the strip casting process can supply silicon steel strips with the same thickness and width as those of hot rolled strips. 5) This process offers a possibility to eliminate the continuous casting and hot-rolling processes in the conventional manufacturing process of the grain oriented silicon steel. While the technological issues associated with strip casting are currently being addressed worldwide by the steel industry, a fundamental issue to be overcome is the control of the microstructure and texture in the strip-cast products.
Raabe examined the texture of strip-cast austenitic stainless steel and ferritic low carbon steel strip. The austenitic steels revealed weak textures close to the {001}͗uvw͘ fiber and some of the low carbon strips showed textures close to the {111}͗uvw͘ fiber, others revealed a weak texture with minor components close to {001}͗uvw͘ fiber. 5, 6) Choi reported that the texture changes were observed both along roll-width and through thickness direction of strip-cast AISI430 stainless steel. 7) Park etc. reported that Goss texture evolved in the subsurface layer and the middle layer of the strip-cast silicon steel sheet. 8) Takatani characterized twin roll strip cast steels by Electron Backscattered Diffraction (EBSD) technique and numerically simulated the formation of grain structure by three-dimensional Cellular Automation Finite Element model. 9) Grain oriented silicon steels are sensitive to the crystallographic preferred orientation. In the conventional manufacturing process, the initial Goss nuclei are formed in the subsurface layer of the sheet during hot rolling step, and texture controlling is needed in each processing steps. 10, 11) The solidification and deformation conditions during strip casting are significantly different from those in conventional processing. The texture and deformation behavior of stripcast strips according to the casting conditions or process parameters have not yet been fully understood.
In the present study, Fe-4.5wt%Si strips were produced using a twin-roll strip caster. The superheats of melt pool were controlled to be 20°C and 30°C. The microstructure and texture of as-cast strips were studied through thickness direction at the two superheat conditions. To analyze texture of as-cast strips, EBSD technique was used.
Experimental Procedure

Strip Casting
Fe-4.5wt%Si steel strips with 100 mm width and 1.5 mm gauge were prepared using the vertical type twin roll strip caster. The superheats of melt pool were controlled to be 20°C (Sample A) and 30°C (Sample B). The chemical composition of the as-cast strip is given in Table 1 . Figure  1 shows a schematic diagram of the twin-roll strip caster. Hole-type nozzle was positioned at the center of the tundish. Molten metal was supplied from a 50 kW induction furnace to the tundish by using a temperature-controlled ladle. Specimens for metallographic examination were etched with 2 vol% nitric acidϩ98 vol% ethanol. The microstructure and chemical composition profile of the strips were observed at the transverse direction by using optical microscope and EPMA, respectively.
Texture Measurement
The texture variations of as-cast strips were investigated through thickness direction. The position through thickness direction can be defined by a parameter s, as sϭ2a/d, where a and d are the distance from the center layer of the strip and the thickness of the strip, respectively. The parameter s is called the normalized thickness. To analyze the textures of the strips quantitatively, the three incomplete pole figures, {110}, {200}, {211}, were measured in the range of the polar angle a from 0°to 70°with Co Ka 1 radiation in the Seifert D3000 with PTS goniometer. Samples for pole figures measurement were etched at room temperature in a solution of 90 ml H 2 O 2 and 10 ml HF for the stress relieving by the mechanical polishing. ODFs were calculated from the measured pole figures by WIMV method.
12) The orientations of grains were investigated by the EBSD with Link Opal system at JEOL 6300 SEM.
Results
Microstructure
Figures 2 and 3 show the optical micrographs of the strip-cast 4.5 wt% Si steel strips at longitudinal section under the casting condition of superheat 20°C (Sample A) and 30°C (Sample B), respectively. The solidified layer can be divided into three regions in both samples. Rapidly solidified thin layer at the surface was named Region I. Equiaxed dendritic layer and columnar dendritic layer were named Region II and Region III, respectively. The thickness of each layer was different according to the amount of the superheat.
As shown in Fig. 2 of sample A, region I had 50 mm thickness and region II had about 700 mm thickness near the surface region (sϭ1.0-0.6). In the middle and center layers (sϭ0.6-0.0), columnar dendrites(region III) were observed. As shown in Fig. 3 of sample B, region I and region II of equiaxed grains were observed on the chill surface and the subsurface layer (sϭ1.0-0.8). The thickness of region I and region II of sample B were narrower than those of sample A. The thickness fractions of region II of sample A and B were 0.56 and 0.25, respectively. Region III of columnar dendrites developed from the subsurface layer to the center (sϭ0.8-0.0). Figure 4 shows shear-deformed subgrains in the subsurface layer (sϭ0.8-0.6) of sample A. In sample B, subgrains could not be observed in whole specimen. Figure 5 shows the composition maps and line profiles of Si from EPMA analysis along the thickness direction of as-cast strips. In sample A, Si composition in the center region was lower than the surface region, called the negative segregation. In sample B, weak positive segregation of Si was observed in the center region. Table 1 . Chemical composition of the strip-cast silicon steel sheet (wt%). 
Texture Figures 6 and 7
show ODFs calculated from the measured pole figures at various thickness of sample A and B, respectively. Figure 6(a) shows that {100}͗uvw͘ fiber components evolved in the surface layer of sample A. It is well known that {100}͗uvw͘ fiber components typically appear during solidification. In the subsurface and the middle layer (sϭ0.8, 0.6, 0.4) of sample A, the Goss {110}͗001͘ component had the maximum ODF values as shown in Figs. 6(b), 6(c), 6(d). Goss component is the typical shear deformation texture of BCC metals. In the center layer of sϭ0.2 and 0.0, a and g-fibers and {100}͗uvw͘ components evolved as shown in Figs. 6(e), 6(f ) . a and g-fibers typically are observed at the deformed grains by the plane strain compression. Figure 7 shows that {100}͗uvw͘ fiber components had the maximum values from the surface to the center layer of sample B. Figure 8 shows an orientation measurement of subgrains inside a grain in the subsurface layer of sample A. Normal direction of the grain was parallel to ͗110͘ and rolling direction was parallel to ͗001͘, which was composed of many Goss subgrains. As shown in Figs. 8(e) and 8(f ), the subgrains had the misorientation within 3°. Figure 9 shows an orientation distribution inside a Goss grain in the subsurface layer of sample B. The microstructure of dendrite was observed in the grain as shown in Figs. 9(a), 9(d), and 9(e) show that there were no subgrains inside the Goss grain.
Discussion
Although Fig. 2 shows that the grains of region I and region II were equiaxed grains in both samples, Figs. 6(a) and 6(b) show that solidification texture of {100}͗uvw͘ components evolved in region I of the surface (sϭ1.0) and Goss texture evolved in region II of subsurface layer (sϭ0.8).
Tsuya et al. 13) and Cunha et al. 14) reported that the major texture component of melt-spun Fe-Si ribbons was the {100}͗uvw͘ orientation. Region I was an initial rapidly solidified layer, which remained in undeformed state after solidifying on the surface of the roll during strip casting. 15) Region II was hot deformed in the casting condition of 20°C superheat, but region I was not deformed during strip casting and {100}͗uvw͘ solidification texture was maintained, because region I was the rapid-cooled hard surface. 8, 15) In the case of superheat 20°C, region II of equiaxed dendritic layer was observed from the subsurface to the middle layer (sϭ0.8-0.2) and region III became narrower than that of the case of superheat 30°C. The major component of region II was represented by {110}͗001͘ component. The subsurface layer and middle layer of the strip could be shear deformed when the solidification end point was located above the roll nip point during strip casting. 15) Columnar dendrites (region III) were grown in the preferred crystallographic directions of ͗100͘ in cubic crystals, which was closest to the heat flow direction. 16) Figures 6(e) and 6(f ) show that the major a and g-fiber and minor solidification texture of {100}͗uvw͘ evolved in the center layer.
In the case of superheat 30°C, region II became narrower than that of the case of superheat 20°C. As shown in Fig. 3 , equiaxed grains of region II were observed in the subsurface layer (sϭ0.9-0.7) and columnar dendrites of region III developed from the subsurface to the center layer (sϭ 0.7-0.0). {100}͗uvw͘ solidification components evolved from the surface to the center layer as shown in Fig. 7 . However, region II of equiaxed grains had low ODF values in comparison with region I and region III.
Raabe reported that the nearly random orientation distribution evolved during strip casting and inhomogeneous texture developed during hot rolling.
17) The austenitic steels revealed weak textures close to {001}͗uvw͘ fiber and low carbon strips showed textures close to the {111}͗uvw͘ fiber, or revealed a weak texture with minor components close to {001}͗uvw͘ fiber. 5, 6) Takatani et al. showed that the grains of strip cast steel strips had a random crystallographic orientation at the surface in contact with the turning rolls, but in the middle of the sheet (sϭ0.8-0.0), the grains exhibited the slightly inclined (100) texture in which the average dendrite trunk direction was not exactly aligned with the thermal gradient.
9) The strip casting condition by Takatani et al. was that solid shells formed on the surface of the rolls met at the minimum gap point (roll nip point) and hot deformation was not taken into account in the simulation of grain structure formation. 9) As shown in Figs. 6 and 7, when a strip was cast in the condition of superheat 20°C, Goss texture by shear deformation evolved in the subsurface layer, and when a strip was cast in the condition of 30°C superheat, solidification texture remained in undeformed state.
In strip casting process, roll-separating force can be related with the centerline segregation of the strip. Yamauchi et al. investigated the negative segregation in the center region of a strip-cast strip 18) and Fujita et al. reported that the negative segregation in the center region of the strip happened at high roll separating force. The negative segregation could be caused by the phenomenon that the mushy state steel with concentrated solutes was squeezed out, when two shells encountered and began to be reduced by two rolls. 19) In the casting condition that the solidification end point would be located at the position in or under the nip point, positive segregation could be observed in the center part of the cast strip. As shown in Fig. 5(a) , in the condition of superheat 20°C, negative segregation of Si was observed in the center region of the strip and in the condition of 30°C superheat degree, weak positive segregation of Si was observed.
When C content is less than 0.01wt%, Fe-4.5wt%Si steel has no a-g transformation. 20) Because a-iron and ferritic steels are the materials of high stacking fault energy, dislocation climb and cross-slip occur readily, and dynamic recovery can easily take place in the a phase and a microstructure of low angle grain boundaries and subgrains develop during hot deformation.
3) When a strip was cast in the condition of superheat 20°C, subgrains were observed inside a grain in the subsurface layer of the strip as shown in Fig. 4 . These subgrains were formed by hot deformation and dynamic recovery during strip casting. 15) However, in the case of the strip which was cast in the condition of superheat 30°C, subgrains were not observed in the subsurface layer.
At the condition of superheat 20°C, the rolling texture of a and g-fiber as shown in Fig. 6 and the negative segregation in the center layer and the subgrains in the subsurface layer show that the strip was cast at the condition that the solidification endpoint was located above the roll nip point and the strip was hot rolled. At the condition of superheat 30°C, the weak positive segregation as shown in Fig. 5 and the solidification texture as shown in Fig. 7 show that two solidified strip shells contacted at the point in or under the nip point of the rolls and the strip was not hot rolled.
In the case of sample A, Goss texture was observed in the subsurface layer as shown in Fig. 6 and Goss grains consisted of subgrains were observed in the subsurface layer as shown in Fig. 4 . In the case of sample B, Goss texture by the shear deformation was not observed as shown in Fig. 7 , but a small number of Goss grains were observed among the equiaxed random grains of region II by EBSD method. Because dendrite microstructure was observed in Fig. 9 (a) and subgrains were not formed inside the Goss grain as shown in Figs. 9(d) and 9(e), the Goss grain was not a shear deformed grain but a solidified grain among random equiaxed grains.
Conclusion
Fe-4.5wt%Si strips were produced according to the amount of superheat using the vertical type twin-roll strip casting process. The microstructure and texture were studied through thickness direction of the as-cast strips.
The differences of the microstructure and texture of ascast specimens resulted from the different superheats.
In the as-cast strip of superheat 20°C, the equiaxed grains evolved from the surface to the middle layer, and columnar dendrites were observed between the middle layer and the center layer. Goss texture, {110}͗001͘ component by the shear deformation with the subgrains of low angle grain boundary was observed between the subsurface layer (sϭ0.8) and the middle layer (sϭ0.6). Major rolling texture and minor solidification texture were observed in the center layer.
In the case of superheat 30°C, the equiaxed grains were observed both on the chill surface and subsurface layer, and the columnar dendrites evolved from the subsurface layer to the center layer. {100}͗uvw͘, solidification texture evolved all of through thickness direction. A small number of Goss grains were observed among the equiaxed grains in the subsurface layer.
